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Low-moment ferrimagnetic phase of the Heusler compound Cr2CoAl 
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Synthesizing half-metallic fully-compensated ferrimagnets that form in the inverse Heusler phase 
could lead to superior spintronic devices. These materials would have high spin polarization at 
room temperature with very little fringing magnetic fields. Previous theoretical studies indicated 
that Cr2CoAl should form in a stable inverse Heusler lattice due to its low activation energy. Here, 
stoichiometric Cr2CoAl samples were arc-melted and annealed at varying temperatures, followed by 
studies of their structural and magnetic properties. High-resolution synchrotron X-ray diffraction 
revealed a chemically ordered Heusler phase in addition to CoAl and Cr phases. Soft X-ray magnetic 
circular dichroism revealed that the Cr and Co magnetic moments are antiferromagnetically oriented 
leading to the observed low magnetic moment in Cr2CoAl. 


Introduction 


Theoretical calculations have predicated the exis¬ 
tence of several inverse Heusler compounds that ex¬ 
hibit zero-moment magnetization while retaining half- 
metallicity. mm These compounds are a subset of SGS 
materials, where the density of states (DOS, shown 
in Eig. 1(a)) acts as both a half-metal and a 
gapless semiconductor. [BHH] Such compounds are zero- 
moment ferrimagnets as their spins are compensated non- 
symmetrically, which does not prohibit spin-polarization. 
These compounds are known as half-metallic fully- 
compensated ferrimagnets (HMEE)[n] and would be at¬ 
tractive for spintronic devices, since their magnetic tran¬ 
sition temperatures are often higher than room tempera¬ 
ture (400-1000 K). In contrast traditional Neel antiferro- 
magnets cannot be spin-polarized due to their symmet¬ 
ric anti-aligned moments resulting in a symmetric DOS, 
which was demonstrated in the DOS of the gapless semi¬ 
conductor V 3 AI. [ini HD Unfortunately, recent research 
has shown that some HMEE compounds tend to be un¬ 
stable and decompose into more stable states, in addi¬ 
tion to possessing properties that are adversely affected 
by structural disorder. [HHni 

This current work focuses on the synthesis and char¬ 
acterization of Cr 2 CoAl, which has been predicted to be 
a HMEE when it adopts the inverse Heusler structure. 
Theoretical calculations have shown that this compound 
should have a net magnetization of 0.01 and neg¬ 

ative energy of formation (-0.27 eV/Lu.), indicating that 
it is likely to form in the bulk. m The nonsymmetric spin 
structure of the transition metal atoms (with moments 
Cri(1.36 /i^); Cr 2 (- 1.49 /i^); Co(0.30 Ub))US\ indicates 
that this compound can have full spin-polarization. How¬ 
ever, calculations have shown that these Gr-based in¬ 
verse Heusler compounds tend to decompose into other 
compounds. m 


Experimental details 

Stoichiometric polycrystalline Cr 2 CoAl ingots (1 g) 
were synthesized using high-purity elements (> 99.995 
%) via arc melting in an Ar environment. The ingots 
were annealed at 1000 °C for 48 hours to homogenize 
their composition. The samples were cooled to various 
temperatures between 600 - 1000 °C for 72 hours to study 
the effects of annealing on the compound’s properties. 
Using EDS the synthesized ingots’ composition varied by 
< 1 at % across the samples. Grystallographic proper¬ 
ties were probed with high-resolution synchrotron x-ray 
powder diffraction (XRD) with average wavelength A = 
0.459 A using beamline 11 -BM at the Advanced Pho¬ 
ton Source at Argonne National Laboratory. The degree 
of phase segregation was quantified using GSAS for the 
Rietveld refinement. nMm Magnetic properties were de¬ 
termined using a SQUID magnetometer for temperatures 
between 2 - 400 K. Magnetotransport measurements were 
measured in the temperature range 2 - 400 K using the 
van der Pauw method in a refrigerated cryostat placed in 
the room-temperature bore of a cryogen-free 14 T mag¬ 
net. XMCD measurements were taken using the total 
electron yield mode at 300 K using 70 % circular polar¬ 
ization of the beam. The measurements were taken at 
beamline U4B at the Brookhaven National Synchrotron 
Light Source. The dichroism patterns were taken using 
both positive and negative fields, and compared well with 
data using both positive and negative circularly polarized 
light. XMCD measures the total vector atom-specific mo¬ 
ment <m> at the atom’s absorption edges. 

Structural properties 

The inverse Heusler structure has a space group E43m, 
as seen in Eig. 1(b) left. The Cr atoms occupy the (0, 
0, 0) and (^, ^) Wyckoff positions. The Co and A1 

atoms occupy the (|, ^) and (|, |, |) Wyckoff posi¬ 

tions, respectively. 1 19|. The position of these atoms will 
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FIG. 1: Schematic illustration of the density of states for the half-metallic semiconductor. The spin-up (orange) electrons act as 
a gapless semiconductor whereas the offset in the spin-down (green) carriers allow for half-metallicity. (b) The lattice of both the 
inverse Heusler (also known as the XA structure) (left) and the L2i Heusler lattice (right). The atom arrangements along the <111> 
diagonal are Cr-Cr-Co-AI for the XA structure and Cr-Co-Cr-AI for the L2i structure. 


lead to a 4-atom Cr-Cr-Co-Al basis along the <111> 
diagonal. This structure is similar to that of the L2i 
Heusler phase Fm3m seen in Fig. 1(b) right, which has a 
4-atom Cr-Co-Cr-Al basis. [20] Co 2 CrAl in the L2i struc¬ 
ture was chosen for study due to its large spin polariza¬ 
tion and high Curie temperature. [H] Calculations indi¬ 
cate that increased Cr concentration in L2i-structured 
Co 2 -ccCra,Al drives the magnetization to zero while re¬ 
taining its half-metallic properties. [22] Recent work has 
shown that CoFeCrAl forms in a semi-ordered Heusler 
lattice with a large atomic magnetic moment. [23] It is 
challenging to distinguish between the XRD pattern of 
the XA and the L2i structure as only a few of the theoret¬ 
ical Bragg peak heights are different. In addition, when 
atomic mixing occurs, the increased symmetry causes the 
reduction of the number peaks. [24] 

Figure 2(a) shows the XRD spectrum of a sample an¬ 
nealed at 1000 °C measured using synchrotron radiation 
(A = 0.459 A) indicating that Cr 2 CoAl coexists with 
cubic Cr and CoAl phases (seen in Fig. 2(b)). Previ¬ 
ous calculations predicted that Cr and CoAl would form 
upon the decomposition of Cr 2 CoAl. m The results of 
Rietveld refinement (Table 11.1) indicate that the sam¬ 
ple consists mainly of disordered Cr 2 CoAl (48 to 61 vol%) 
followed by cubic Cr (0.1 to 14 vol%). The only defini¬ 
tive observation of chemically-ordered Cr 2 CoAl was in 
the sample annealed at 1000 °C, which is identified by 
the <111> peak at 7.9 degrees shown in the inset of Fig. 
2(a). The <111> reflection is a necessary condition of 
the chemically-ordered Heusler phase. [25] 

The XRD analysis leads to a lattice constant a = 5.794 
A for the ordered phase of Cr 2 CoAl, about 0.3 % ex¬ 
panded from the disordered phase. This experimental 
lattice constant matches well with the expected a = 5.79 
A for the theoretically-optimized magnetic moment and 
activation energy for the XA structure. [15] The Cr lat¬ 
tice parameter varied between a = 2.876 - 2.881 A, de¬ 
pending on the annealing temperature. The CoAl lattice 
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FIG. 2: (a) The Rietveld refined XRD patterns of the 

Gr 2 GoAl sample annealed at 1000 °G using A = 0.459 A. 
The XRD pattern was refined via GSAS and indicated that 
there was Gr and GoAl mixed with Gr 2 GoAl. The fitting pa¬ 
rameters are listed in the figure, indicating a good fit. (Inset) 
The (111) lattice peak is from the Gr 2 GoAl ordered phase and 
would not appear if the atoms were highly mixed, (b) The 
cubic Gr and GoAl bee lattices. 


constant was found to be a = 2.868 ± 0.001 A and did 
not vary with annealing temperature. The anisotropic 
strain S400 and S220 was found for the Cr 2 CoAl lattice, 
which broadens the disordered Cr 2 CoAl peaks. 
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Tanneal 

{°C) 

CraCoAl 

(%) 

CoAl 

{%) 

Cr 

(%) 

Cr2CoAl 

(A) 

Ordered 

(%) 

Ordered 

(A) 

CraCoAl 

(S400) 

CraCoAl 

(S220) 

600 

58 

42 

0.1 

5.769 

- 


0.62 

0.51 

800 

48 

38 

14 

5.766 

- 


0.20 

0.13 

900 

61 

31 

8 

5.766 

- 


0.59 

0.34 

1000 

55 

43 

0.2 

5.775 

1.4 

5.794 

1.31 

0.99 


TABLE I: Results of Rietveld refinement of the XRD spectra of Cr 2 CoAI for various annealing temperatures. The table displays the 
percentage of each compositional phase and lattice constants. The Cr 2 CoAI ordered Heusler structure is only achieved for 1000 °C 
annealing and has a lattice constant expanded by 0.3 %. The anisotropic strains (5400 and 5220) are also shown. 


Magnetic and transport properties 

SQUID magnetometry was used to measure the mag¬ 
netic properties of the Cr 2 CoAl samples as a function 
of applied magnetic field (H) and temperature. Two 
magnetic components are identified: (z) a paramagnetic 
(PM) component that varies at the lowest temperatures; 
and (zz) a ferrimagnetic (FiM) component that varies at 
higher temperatures. It is assumed that these two com¬ 
ponents are from the two main phase segregates CoAl 
(PM) and Cr 2 CoAl (FiM). Fig. 3(a) shows the mag¬ 
netization M(H) for the chemically-ordered sample an¬ 
nealed at 1000 °C where it is seen that the PM com¬ 
ponent increases strongly with decreasing temperature 
in the range 50 to 10 K. Alternatively, the FiM com¬ 
ponent (after subtracting the PM component, Fig. 3(a 
inset) saturates quickly and the saturation moment de¬ 
creases moderately over a large temperature range, 250 
to 400 K. Fig. 3(b) plots the temperature dependence of 
the two components. The PM component attributed to 
CoAl rises quickly for T < 50 K. Fitting this component 
to the Curie-Weiss formula, M = where C = 6.7 
emu/gK and 0 = 11.5 K. The positive value for 0 can 
also been found by extrapolating y (1/M), confirming 
the presence of FM interactions. The FiM component 
attributed to Cr 2 CoAl (inset,Fig. 3(b)) was determined 
by subtracting the PM component that was nearly inde¬ 
pendent of temperature at high temperatures. The data 
was fit to a mean-field model for T < Tc, where M = 
Mo( 1 -^) 2 , shown by the curve, and the Curie temper¬ 
ature was found to be Tc ^ 750 K. The large Curie 
temperature and the low magnetic moment of the ferri¬ 
magnetic data indicates that some ordered Cr 2 CoAl was 
successfully formed in this sample. 

CsCl-type CoAl can have varying magnetic properties 
depending on local defects (vacancies and antisites) and 
small changes in concentration. [21 Ea EZl It has been 
found that Coa,Ali_a, shows paramagnetic behavior with 
a negative Curie-Weiss temperature at compositions in 
the range x = 50.3-50.6 %, and a positive Curie-Weiss 
temperature for x = 50.9-51.7 %. The Curie-Weiss con¬ 
stant for our PM data is ^ = 12.9 K, indicating that the 
CoAl phase might be slightly Co-rich and the Co atoms 


ferromagnetically coupled in CoAl. Fig. 3(c) plots the 
field-cooled (PC) and zero-field-cooled (ZFC) magnetic 
data taken at low-field (10 mT). The difference in the FC 
and ZFC magnetizations indicates that the CoAl phase 
has a spin glass component at all annealing temperatures. 
The ZFC curve shows a clear maxima at T* = 55 K, co¬ 
incident with a spin-glass transition in Coa,Ali_a,, and 
reported to occur for a slightly Co-rich environment (x 
= 50.9-51.7 %).[26] The low-field ZFC magnetization is 
compared to the electrical resistivity (p(T)) in Fig. 3(c) 
which also shows a cusp at 55 K similar to the spin- 
glass cusp at T* = 55 K in the ZFC moment. The 
spin glass transition temperature measured here is con¬ 
sistent with previous measurements of slightly Co-rich 
CoAl. [271 [M] Previous resistivity measurements on Co¬ 
rich Cox-^^i-x determined that the composition affects 
both the resistivity value and temperature minima cor¬ 
responding to the Kondo effect. PUIIHU] The overall trend 
in p(T) in Fig. 3(c) shows a metallic-like increase for 
increasing temperature, with a room temperature resis¬ 
tivity of p = 73 fiQcm. This value matches with previ¬ 
ous data on Coa,Ali_a, (x = 50.9). [30] The resistivity of 
pure CoxAli-x follows Matthiessen’s rule m where the 
resistivity is the sum of temperature-dependent and in¬ 
dependent parts, but in our case the presence of the Cr 
and Cr 2 CoAl phases can also affect the impurity scat¬ 
tering and electron-electron scattering terms. [29] The ef¬ 
fects from the Cr phase are minimal since the metallc Cr 
is a known spin-density-wave antiferromagnet with T^v 
= 310 K, which contributes minimally to magnetometry 
measurements. jsaissi There is no evidence of magnetic 
effects from the Cr segregates due to their low concen¬ 
tration and we find no evidence of a Neel transition. 


XMCD indicating antiferromagnetically coupled Cr 
and Co 

XAS results of the L 3 and L 2 edges, where the top 
left and right shows the spectra for Cr and Co shown 
in Figure 4. The XAS data were first fit to determine 
the valence states of the Cr and Co d-orbitals[34l [35] 
and indicate non-integer values that due to the mixed- 
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FIG. 3: Magnetic properties and resistivity of the Cr 2 CoAI sample annealed at 1000 °C, which are similar to samples annealed 
between 600 and 900 °C. (a) Magnetization versus field for the low temperature and high temperature (inset) components. At 
low temperatures the dominant PM trend increases below 50 K. In the inset, at high temperatures the FiM component, with PM 
subtracted, changes moderately (scale in units of /xs/f-u per formula unit), (b) M(T) measured at 1 T, where points are data and 
curves are model fits. The PM component (grey curve) was fit to Curie-Weiss model M = C/(T-^), where 0 = 11.5 K. The inset 
shows the FiM component fit to the mean-field model M = Mo(l-T/Tc)l/2, where Tc ~ 750 K. (c) Comparison of M(T) measured 
at 10 mT with the resistivity. The M(T) data shows the spin glass behavior typical of the CoAl FM phase at low temperatures where 
T*= 55 K. The upper purple curve is the resistivity, which also shows the spin glass transition with a room temperature resistivity of 
p = 13 pQcm. 
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FIG. 4: (left upper) The average Gr (left) and Go (right) L-edge XAS patterns for various annealing temperatures, (left lower) 
The XMGD signal at 1.5 Tesla for the Gr and Go L-edges. (right) The extracted total moment of the Gr and Go atoms. The 
total moment (labeled "Go*") is the sum of the orbital and spin moments. [25] The magnetic moment of Go was multiplied by 
the phase fraction of the Gr 2 GoAl found through Rietveld refinement, which is depicted by the solid FM-Go line. 


phase composition. The Cr d-orbitals were found to be 
a mixture of 3d^ and valence states. The effective 
number of electrons in the d-orbitals ranges between 3.2 
- 3.6 for the Cr atoms and 5.3 - 6 for the Co atoms. 

X-ray magnetic circular dichroism (XMCD) spectra for 
Cr and Co atoms are shown by the lower curves in Fig¬ 
ure 4. [36] The integrated Cr L 3 /L 2 integrating branch¬ 
ing ratios were found to be 1.66 for the ingots, con¬ 
sistent with previous values resulting from strain and 


small crystallite size determinations. |37l - [39] The total ex¬ 
tracted atomic magnetic moments are plotted in Fig. 
4(b), which is the sum of the orbital and spin magnetic 
moments. dlllT] The resultant XMCD moment is the av¬ 
erage moments of the two Cr atoms in the inverse Heusler 
lattice. The Cr magnetic moment is small and nega¬ 
tive, and within the range of the expected total moment 
= -0.13 /iB)-[l 6 ] (This Cr moment is not antici¬ 
pated to be affected by the small percentage of antifer- 
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romagnetic Cr, and would not contribute to the XMCD 
signal. SOD The total Co moment is shown by the square 
points and (dashed) solid line in Fig. 4(right), labeled 
”Co*”. However, the measured Co moments are affected 
by the presence of the paramagnetic CoAl phase in these 
samples. m In order to extract the Co moment asso¬ 
ciated with the Cr 2 CoAl phase, the moment associated 
with the CoAl was subtracted from the total signal by 
considering the respective phase fractions and assuming 
that the Co moments have equal contributions to the to¬ 
tal Co magnetic signal. This extracted Cr 2 CoAl moment 
is represented by the circles and the solid (blue) curve 
labeled ”Co.” It is seen that the Cr and Co magnetic mo¬ 
ments are antiferromagnetically coupled, with equal but 
opposite moment, producing a low moment in Cr 2 CoAl, 
and agrees with the low total moment observed in the 
magnetometry results. 

Summary and outlook 

Cr 2 CoAl bulk samples were prepared and annealed at 
various temperatures from 600 to 1000 °C. Rietveld re¬ 
finement performed on high-resolution synchrotron XRD 
indicated that Cr 2 CoAl was formed at all annealing tem¬ 
peratures. Magnetic measurements indicated the exis¬ 
tence of both ferrimagnetic and paramagnetic compo¬ 
nents contributed by the two main phases in the samples. 
XMCD measurements allowed extraction of the Cr and 
Co magnetic moments and confirmed antiferromagneti¬ 
cally coupling. This study indicates that while Cr 2 CoAl 
can be synthesized in bulk form, there is a clear need for 
improved synthesis methods to improve phase purity. In 
the future, non-equilibrium synthesis of thin films could 
be expected to provide a better route to single-phase ma¬ 
terials that would be required for electronic devices. 
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